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Cleft lip and palate are the most common craniofacial malformations, affecting one in every 500 
to 700 live births, thus accounting for about 220,000 new cases each year worldwide with 
tremendous variations across geographic areas, ethnic groups and socioeconomic status. 
Affected children have a range of both functional and aesthetic problems comprising of feeding 
difficulties due to incomplete oral seal, swallowing, nasal regurgitation, respiratory problems, 
hearing difficulties due to abnormalities in the palatal musculature, and speech impairments due 
to air escape and articulations problems. The surgery can solve the problems, but the two major 
factors which determine a good surgical outcome and its assessment are the interpretation of 
the actual size of the cleft and generation of periosteal tissue to close the defect. The surgeons 
faced a challenge to measure the cleft size due to wide diversity in methodologies employed 
which resulted in improper estimation of the deficient palatal tissue and thus resulted 
contradictory results in measuring outcomes such as occlusion or midface skeletal development. 
We have introduced the vomer edge for establishing a validated 3D measuring method for the 
width, area and height of the true cleft with reproducible landmarks for easy and accurate 
measurement of the outcomes in unilateral cleft lip and palate patients. The passive plate 
therapy provided to UCLP patients gave favourable anatomical conditions for subsequent 
surgical palatal repair in patients by alleviating the problems of tissue deficiency to some extent. 
We therefore adopted periosteal tissue distraction osteogenesis as potential treatment strategy 
to target the tissue deficiency while using the magnetic forces to exert necessary strain. In our 
study, we have assessed whether the dental magnets have the potential to act as a device to 
generate mucoperiosteal tissue in UCLP. We have used in-silica approach in the form of 3D FE-
model and found that strain levels in the palatal segments of the cleft for the load cases do reach 
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1500 µstrain limit, a requirement for bone formation, according to the mild overload window of 
the Mechanostat theory proposed by Harold Frost. We further examined the forces, which reach 
threshold for regeneration of the hard and soft tissue volumes along the cleft edges in both UCLP 
and BCLP by means of periosteal distraction. We found that a 5N attraction force could initiate 
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Orofacial clefting represents the most occurring congenital deformity after heart deformities, 
spina bifida and limb deformities [1]. Cleft lip and palate (CLP) can affect maxilla, palate, vomer, 
and soft tissue structures such as the lips and nose resulting on orofacial and craniofacial 
deformity. Affected children acquire a spectrum of functional as well as aesthetic complications. 
These comprise feeding complications at birth due to challenges associated with oral seal, 
swallowing, nasal regurgitation, respiratory problems, hearing difficulties due to deformities in 
the palatal musculature and speech disorders due to nasal escape and articulation disturbances 
[1] . Therefore, early and complete surgical repair of lip and palate is encouraged to normalize 
food intake, speech development and aesthetics [2][3][4]. 
4.1 Incidence of orofacial cleft lip and or palate 
Cleft lip and palate affects about 1.7 per 1000 live births worldwide with large variations across 
geographic areas, ethnic groups and socioeconomic status [4][5]. The highest birth prevalence 
is seen in Asian or Amerindian populations with 1/500 live births, intermediate range was noted 
in European-derived populations at about 1/1000 and  the lowest was noted in African derived 
populations at 1/2500 [1][4][5][6]. In South America, the incidence of CL/P is 1/1150 [7] and the 
recurrence rate among siblings is about 4% similar to sibling’s risk in other populations [8]. 
In Switzerland, the birth prevalence of cleft lip with or without cleft palate (CL/P) is between 0.83 
and 0.96 and for isolated cleft palate from 0.59 to 0.69 per 1000 live births [4][9].  
4.1.1 Distribution of cleft 
Most often the predominance of CL/P is seen in males and predominance of CP is seen in 
females [10][11]. Unilateral clefts form 76% of all CLP with higher predominance on left side 
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(52%) compared to the right side (24%) [11]. Bilateral clefts form around 24% of all the CLP 
cases in Europe and world-wide [11]. 
4.2 Embryology of CLP 
The development of the face begins during the 4th week of intrauterine life when neural crest 
cells migrate and combine with mesoderm to form the facial primordia [12]. The central segment 
of the face comprises the forehead, supraorbital ridges, nose, philtrum and primary palate are 
derived from the frontonasal process. The fusion of the frontonasal process, right and left 
nasomedial process of the maxilla results in formation of the upper lip and premaxilla [4]. The 
upper lip formation completes during the 5th or 6th week of embryonic development and failure 
of fusion results in cleft lip. Prior to the 6th week of development, the primary palate includes that 
portion of the upper airway that will develop into the lip, alveolar ridge and the hard palate 
segment extending back to the incisive foramen. The separation between nasal and oral cavities 
occurs during the 6th week and contains the premaxilla and four maxillary incisor teeth. The 
fusion of the palatal shelves begins at the incisive foramen and advances towards the posterior 
palate and the fusion is completed at the end of the 12 weeks of intrauterine life. Failure of the 
fusion process results in a cleft palate [4]. 
 
4.3 Aetiology of CLP 
The aetiology of orofacial clefts is complex and heterogeneous. It can be characterized as part 
of syndrome where it is termed syndromic and non-syndromic or isolated when it occurs beyond 
other malformations or syndromes. The majority of orofacial clefts are categorized as non-
syndromic clefts that is 70% of all CL/P cases [13] and are as aforementioned to be multifactorial 
in origin. The causes for CLP are linked to genetics with involvement of wide variety of genes, 
environmental and gene-environment interaction.  
4.3.1 Genetic aetiology  
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The understanding of genetic factors involved in clefting is crucial to improve the clinical care of 
individuals with cleft lip and palate malformations. Fogh-Andersen [14] was among the early 
ones who proposed that genetic factors contribute to the non-syndromic CL/P after observing 
elevated prevalence of clefting in relatives of a patient with cleft.  The evidence has shown that 
in siblings of children affected with cleft lip with or without cleft palate the frequency of occurrence 
is 4%, whereas the frequency increases to 16.7% if one of the parents has been affected [15]. 
The risk of having a cleft palate in siblings of a family with unaffected relatives is 1.7%, when 
there is a history of clefting in family members other than the parents the occurrence risk 
increases to 7.2% [15]. When one of the parents of a patient with a cleft palate has clefting the 
frequency of a sibling having the same malformation increases to 15.4% [15].  
Various approaches like linkage analysis and associations studies of candidate genes have been 
conducted to seek for genetic non-syndromic CL/P. The first gene associated with non-
syndromic CL/P transforming growth factor alpha (TGF- alpha) locus has been identified and  
has shown variation in different population groups [16]. Genome-wide association studies 
(GWAS) have led to the detection of at least 43 genes/loci associated with non-syndromic CL/P 
[17][18][19]. The genetic variants in the region of the interferon regulatory factor 6 (IRF6) gene 
have shown the strongest association with non-syndromic CL/P among different 
populations[17][18][20]. The mutations in the gene for IRF6 gene causes Van der Woude’s 
syndrome [21], which account for 2% of all the CL/P cases with a prevalence of 1/34000 live 
births worldwide [22]. MSX1 gene was also identified having a major role in the development of 
cleft palate (CP) and tooth agenesis and any alterations in MSX1 led to CP more frequently than 
alterations in other genes [23]. 
4.3.2 Environmental risk factors  
Several environmental factors have been found to increase the risk of CL/P and are classified 
into four extensive groups: womb environment, external environment, nutrition and drugs. There 
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are several known teratogens that increase the risk for CL/P and these include antiepileptic 
drugs (phenytoin, valproic acid) thalidomide, dioxin (pesticide), retinoic acid [24], and maternal 
alcohol use and maternal cigarette smoking [25]. It was found that embryonic exposure to 
tobacco during the first trimester resulted in increased risk for CL/P [25]. Twenty or more 
cigarettes per day result in a twofold increase whereas less than 20 cigarettes per day resulted 
in a 1.5-fold increase and this was due to recurrent deficiency in the amount of oxygen reaching 
the tissues induced by nicotine affects facial development [25]. 
Nutrition during pregnancy has been suggested as another contributing factor for CL/P. Daily 
intake of folic acid during the first three months of pregnancy seem to partially prevent the 
occurrence of orofacial clefts and is widely used in different national health protocols [26]. 
 
 
4.3.3 Associated anomalies 
There are over 487 syndromes identified to be associated with CL/P in the 2001 version of the 
London Dysmorphology Database [27]. The overall incidence of cleft associated anomalies was 
around 29.2% and the most common ones affected are the musculoskeletal, cardiac and central 
nervous system were the predominant ones according to the EUROCAT workgroup in the 
European Union [28]. The most frequent chromosomal anomaly was trisomy with higher 
prevalence in CL/P than CL only [28]. The musculoskeletal anomalies, polydactyly and limb 
reductions were also reported along with malformation in the cardiovascular system. In 28.9% 
malformations of the cardiovascular system, the ventricular and atrial septal defect were the 
most common followed by tetralogy of Fallot [28]. 
Middle ear (otitis media) is a very common condition in children with CL/P and CP and with a 
prevalence rate of a least 90% [29]. Feeding, speech and language difficulties, hearing 




4.4 Cleft anatomy  
The extent of involvement of hard and soft tissue can vary considerably among the patients. It 
might range from a small notch of the vermillion border of the lip to a complete defect affecting 
the alveolus up to the floor of the nose unilaterally or bilaterally.  
4.4.1 Anatomy of UCLP  
The anterior part of the primary palate segment on the cleft side often tilts superiorly and medially 
into the cleft area in complete UCLP. The deficiency of mucosa and the underlying bone are 
characteristic features of clefts of the secondary hard palate. The amount of distance between 
the palatal shelves varies depending on the severity of the cleft. Shortening of the velar 
musculature and its abnormal insertion contribute to the deficiency of the palatal mucosa [31].  
4.4.2 Anatomy of BCLP  
The alveolar ridge is divided into three segments in patients with BCLP. The premaxillary 
segment is often protruded and might be deviated to one side while the lateral segments are 
generally collapsed. The anatomy in BCLP patients may vary considerably and can be 
summarized based on the extent and severity of the cleft. Usually the columella is remarkably 
short and the nasal tip is broad. The nasal alae are flat adopting an S-shaped curvature due to 
latero-inferior and posterior displacement. The deformation of the lateral cartilages with short 
extensively separated medial crura causes the nostril to be horizontally conformed. The nasal 
floor is missing and there is a displacement of the septum and the anterior nasal spine [32].  
4.4.3 Anatomy of CP   
In cleft palate (CP) patients where the secondary palate is affected, both the hard and soft tissues 
may be involved. Palatal clefts might extend from a bifid uvula to a V-shaped cleft reaching the 




4.5 Cleft classification  
Different systems have been described to classify orofacial clefts based on the anatomical, 
embryological and epidemiological conditions [14][33][34][35]. Tessier described the most 
extensive and comprehensive classification of craniofacial clefting using 14 meridians [36]. The 
pictographic Y-stripe representation of cleft phenotype developed by Kernahan and Stark was 
blamed for being too complicated and burdensome to use [34]. The LAHSHAL classification 
describe by Kriens [37] represents the cleft involvement for lip, A for alveolus for hard palate and 
S for soft palate. LASH points out a right sided cleft while SHAL left sided cleft involvement. 
LAHSHAL represents a bilateral cleft. Lower case refers to submucosal clefts and bifid uvula. 
The classification of Van Der Meulen delineates orofacial clefts based on where the development 
arrest occurs in the embryogenesis [38]. The international classification of diseases (ICD) [39]  
has simplified the classification of clefts and is globally used for epidemiological, health 
management and diagnostic purposes. ICD-10 includes congenital malformations such as 
different cleft types. Group Q35 includes cleft palate, Q36 refers to cleft lip and Q37 for cleft lip 
and palate. The code Q30.2 is used to identify cleft associated malformations of the nose [39].  
4.6 Cleft size and intrinsic tissue deficiency 
The cleft size/width at birth is highly variable and its assessed-on appearance at birth. The two 
main major factors which influence a good surgical outcome and its assessment are the amount 
of palatal tissue present and interpretation of cleft size. Cleft severity is interpreted as either an 
intrinsic amount of palatal and alveolar tissue deficiency.  
4.6.1 Evidence of tissue deficiency 
 A comparison with non-treated cleft lip and palate patients the mid-facial growth is similar when 
compared with non-cleft patients without apparent restriction of the growth [40]. However, 
significant correlation between the cleft size and the growth of maxilla in patients with large cleft 
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had a more retrusive maxilla [41]. This impairment of growth is due to extensive deficient tissue 
in critical areas rather than damaging the bone itself [42]. Further investigations confirmed that 
4.1° reductions of SNA between 8 and 16 years and further reduction of the anteroposterior 
intermaxillary relationship (ANB) was due to the tissue deficiency and not influenced by 
mandibular growth. Deficient tissue adjacent to the pterygopalatine tuberosity sutures can inhibit 
the forward growth of the maxilla leading to reduction in maxillary length [42]. The vertical growth 
of the maxilla will also be negatively affected by deficient tissue in the palate that anchors the 
periodontal fibers attached to the teeth [42].This reduction in anteroposterior and vertical growth 
of the maxilla will result in a malocclusion in patients with cleft in their adolescence. Hence it is 
important to have enough tissue to mitigate all the associated problems. 
 4.6.2 Current methods to solve tissue deficiency  
Intrinsic palatal tissue deficiency finds its basis in the genetic and anatomical etiological factors. 
The genetically determined developmental malformations would lead to more severe defects 
with a  larger palatal tissue deficiency [14] which  results in being the main determinant for the 
development of upper jaw [43]. 
 The approaches to mitigate the tissue deficiency in modern day use have their own advocates 
and numerous methods were employed, but is still not known which the best is for a given 
individual. The majority of the approaches for tissue deficiency mitigations are primarily based 
on non-surgical and surgical methods. 
4.6.2.1 Surgical methods to mitigate tissue deficiency 
Cleft palate closure by surgery depends upon the adequacy of available palatal mucosal tissue. 
Insufficiency of such soft tissue is a cause for concern in the closure of clefts of the hard palate. 
Several different surgical techniques evolved over the years to mitigate the problem of tissue 
deficiency [33][44][45][46][47][48][49][50][51][52][53]. There is no consensus on which is the 
best protocol until date. In a survey of over 210 European cleft centres it was found that 
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seventeen different surgical sequences for repairing unilateral complete clefts were identified 
[54]. In 2005 a scientific basis was put forward for determining the optimal conditions for palatal 
cleft closure in UCLP and BCLP patients [55]. It was recommended that a surgery of the palate 
should be performed when the surface area of the cleft space does not exceed 10% of the 
surrounding palatal surface bounded by alveolar ridges independent of patients age for 
achieving good facial balance [55]. However, this holds true for palatal clefts which are lesser in 
size, whereas in larger clefts  this recommendation seems to be a challenge  as generation of 
new tissue is an adversity [56]. 
The designed surgical techniques were based on the three basic surgical principles with minor 
variations [57] based on the extent of tissue deficit. The first principle is based on single-layer 
closure as this procedure involves turning over the mucosa from either the oral of the nasal cavity 
like a page in book while leaving an open wound on the back side of the turned over mucosa 
[44][45][46][47]. This procedure is also limited to closure only to either the oral or the nasal 
mucosal side. The second principle involves detaching the oral tissue and shifting it over the 
cleft area while creating an open wound that heals outside the cleft area from where the tissue 
has been detached [33][48][49] . The third principle involves tissue from outside the palatal area 
is used to cover the wound areas that result from the first or second principles 
[50][51][52][53].The above described principles when applied to close the gap are effective but 
none were able to generate new mucoperiosteal tissue.  
4.6.2.2 Non-surgical methods to mitigate tissue deficiency  
The most common non-surgical methods employed to mitigate the tissue deficiency is by 
applying the principles of presurgical maxillary orthopaedics through  palatal appliances 
[58][59][60]. The principle behind these appliances was gradual approximation of the palatal 
shelves and thus reduces the alveolar and cleft width prior to surgery. Numerous techniques and 
appliances existed but they are classified based on the intensity of force levels employed for 
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infant orthopaedics. The early proponents of this technique were McNeil in 1950 [59] and Hotz 
and Gnoinski [61] employed medium forces to approximate the segments. The higher forces 
were applied in the early 1976 by using Latham appliance [62] and later modified by Latham and 
Millard [63]. The introduction of nasoalveolar molding technique by Grayson with moderate 
forces to approximate the cleft width and increasing the columella length had bought some 
respite for cleft surgeons [64]. The vast majority of the proponents of this technique claimed that 
gradual adaptation of the appliance can stimulate palatal tissue growth [59][60][62][63]. It was 
later shown that these approaches resulted in retardation of growth of palatal tissue [65]. A 
randomized controlled trial concluded that using a palatal appliance did not result in any 
permanent growth change or tissue gain [66].  
4.6.2.3 Distraction osteogenesis 
The vast majority of the methods placed emphasis on presurgical manipulation of tissue to create 
dynamics that are more favourable at the time of the definitive repair. However, the surgical and 
non-surgical methods do not correct the deficiency of the periosteal bone and soft tissue; rather 
they move the existing tissue into a better location. The introduction of distraction osteogenesis 
(DO) for the correction of the craniofacial skeleton in the early 1990 [67] has brought some new 
hope as the process relies on the mechanical induction of new bone formation between bony 
surfaces that are gradually separated. Transport osteogenesis is a specific type of DO in which 
a transport disk is created and moved to fill in a defect. First, osteotomies are made and 
distraction device is applied. A short latency period is allowed to elapse before the distraction 
phase begins. The bone segments are separated by 0.5 to 1mm/d and osteogenesis is induced 
between the segments. The tension placed on the bone as the segments are gradually 
separated also stimulates soft tissue expansion and accommodation of lengthened bone. Not 
only is new bone created but any related muscles, blood vessels, nerves and mucosa also 
elongate [67][68][69][70].There is no evidence of application of DO in new born human hard 
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palate except for its application in treating palatal fistula in adults [70]. The reasons could be 
because of its surgical procedure, device size and potential damage of dental follicles embedded 
in the palatal shelf ridge. 
Periosteal distraction osteogenesis seems to be a viable option. It is the combination of the 
guided bone regeneration and tissue expansion. It builds an artificial space between bone 
surface and periosteum by expanding the periosteum, muscle and skin at the same time. This 
procedure has the potential to eliminate the need for having osteotomy like in DO [71]. The vast 
majority of the researches explored the feasibility and superiority through many animal 
experiments [72][73][74][75][76]. In an experiment in the New Zealand rabbits the periosteal 
distractor were placed sub-periosteally and on mechanical traction of the periosteum, formation 
of new bone  was observed [73]. Similarly in an another animal experiment in Japanese white 
rabbits, the area of new bone was formed after 8 weeks of periosteal distraction [75].There is 
also increasing evidence that magnetic fields can promote bone regeneration directly by 
attracting growth factors, hormones and polypeptides to the implantation site [77]. The 
investigations in animal experiments provided evidence suggesting that  periosteal distraction 
osteogenesis (PDO) is an appealing option for utilizing the principles of DO [78][79][80] by 
evading the challenges posed by DO. PDO results in combined bone and soft tissue generation 
while avoiding detrimental effects on the bone.  
4.6.2.4 Mucoperiosteal tissue expansion (MTE)  
The tissue expansion was first reported in the context of palatal fistula repair in 1990 [81]. 
Following this report, the other authors explored various regiments of MTE for the repair of 
primary cleft palate [82][83][84]. Mucoperiosteal tissue expansion is a mechanical process of 
tissue expansion which can be achieved by conventional, prolonged expansion for one to three 
months and intraoperative tissue expansion called as “intraoperative sustained limited 
expansion” [85][86]. The general principle employed is that of an “expander” placed under the 
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mucosa on either ends of the palatal defect in an effort to generate additional tissue that can be 
used to close the defect. The challenge of this MTE includes expander extrusion or 
displacement, the possible need for second surgery to remove the expander and repair the 
palate if the expansion is staged. 
4.6.2.5 Smart implants for guiding tissue expansion 
Smart implantation of biomaterials began to play a central role in modern strategies in 
regenerative medicine [87][88][89] and the vast majority of the studies focussed on application 
of biomaterials for purely bone regeneration [90].The new-born cleft palate comprises of bone 
and two mucosal layers which makes it difficult target for biomaterial or tissue engineering 
techniques. Static magnetic fields have been used for bone formation in medical research under 
a weak magnetic force for a long period [91]. Magnetic forces have also been used in 
orthodontics to generate tooth movement and to promote tissue reactions [92]. The application 
of mechanical loading by implantation of magnetic smart implants at the borders of 
mucoperiosteum of cleft borders seems to provide tissue formation by gradual expansion. The 
amount of mechanical loading necessary to stimulate tissue formation is not known and use of 
computational finite element analysis would aid in finding the optimal forces necessary for tissue 
formation. 
4.7 Finite element analysis  
The finite element (FE) analysis is a numerical tool used to provide a quantified estimate of the 
stresses and strains generated in the bone structure under external loading. It brings to light the 
distribution of the internal loads and deformations. Computational FE analysis has provided 
crucial basic data for understanding mechanical interactions between the magnets and 
mucoperiosteal tissue for tissue expansion [93]. The loading distribution depends on the shape, 
size, architecture of individual anatomical structures and malformations. The exact morphology 
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of these alterations in turn determines the extent of necessary tissue shift at the time of surgical 
cleft closure.  
4.8 Outcome measurements: cleft palate morphology  
A distinctive feature of the cleft palate deformity is the curved vomer. The curved vomer ‘”portion 
du vomer incurvè” [33] together with true cleft is referred to as “palatal cleft” . Despite the clinical 
importance of the true cleft region in all cleft palate surgery techniques, to our knowledge this 
region has not previously been investigated previously in three dimensions. Apart from that there 
is no consensus on how to measure the cleft size and categorize its severity three dimensionally. 
This might be because the separation of the maxillary segments [94] is easier to measure while 
the extent of tissue deficiency is difficult to quantify. Further, defining the landmarks and 
measuring the cleft palate are commonly performed in two dimensions [94][95][96][97] which 
represents the simplification of the three dimensional complexity of cleft palate. Hence, there is 
a need for development of new analysis method based on three dimensional standardized 


















5. Aims of the study 
The aim of this PhD project was to quantify the tissue deficit in cleft palate using 3D reproducible 
methods and to find mechanical approaches to minimize the tissue deficit. The aim also involves 
to understand the principles involved in mitigating tissue deficiency in the cleft palate by 
quantifying the stresses and strains in the palate of newborns with UCLP and BCLP, simulating 
the mucoperiosteal loading through magnetic forces and to verify whether loading could reach 
the necessary threshold for tissue expansion. 
To fulfil the aim the following objectives were set in studies (I-III)  
I.  The aim of this cohort study was to use a new analysis method based on 3D 
standardized, reproducible landmarks to quantify the morphological changes of the 
palatal cleft and true cleft areas under passive plate therapy.  
II. To quantify the stresses and strains in the palate of newborns with a unilateral cleft lip 
and palate simulating the periosteal loading through magnetic forces and to verify 
whether loading could reach the threshold necessary for bone formation.  
III. To compare the load transfer of magnetic forces used for periosteal distraction 
osteogenesis in both UCLP and BCLP in silico models and examine whether forces 
reach the threshold necessary for regeneration of the hard and soft tissue volumes 
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Abstract: The aim of this cohort study was to quantify the morphological changes in the palatal cleft and true cleft 
areas with passive plate therapy using a new analysis method based on three-dimensional standardized 
reproducible landmarks. Forty-five casts of 15 consecutive patients with complete unilateral cleft lip and palate 
were laser scanned and investigated retrospectively. The landmarks and the coordinate system were defined, and 
the interrater and intrarater measurement errors were within 1.0 mm. The morphological changes of the cleft 
palate area after a period of 8 months of passive plate therapy without prior lip surgery are presented graphically. 
The median decrease in cleft width was 38.0% for the palatal cleft, whereas it was 44.5% for the true cleft. The 
width of the true and palatal cleft decreased significantly over a period of 8 months. The true cleft area decreased 
by 34.7% from a median of 185.4 mm2 (interquartile range, IQR = 151.5–220.1) to 121.1 mm2 (IQR = 100.2–144.6). 
The palatal cleft area decreased by 31.5% from a median of 334 mm2 (IQR = 294.9–349.8) to 228.8 mm2. The most 
important clinical considerations are the reproducibility and reliability of the anatomical points, as well as the 
associated morphological changes. We propose using the vomer edge to establish a validated measuring method 
for the width, area, and height of the true cleft.  




The area that surrounds the entrance from the oral into the nasal cavity in cleft lip and palate was described 
by Victor Veau as “fente vraie” [1], which we translate as “true cleft”. Whereas the curved vomer “portion du vomer 
incurvé” [1] together with the true cleft is referred to as “palatal cleft” and denotes the gap in palatal mucosa. All 
types of hard palate surgeries aim for tissue to cover the true cleft region in order to produce a functional seal 
between the oral and nasal cavities. Despite the fundamental clinical importance of the true cleft region in all cleft 
palate surgery techniques, to our knowledge this region has not previously been investigated in three dimensions. 
The anatomical and functional alterations of the cleft lip and palate result in dimensional alterations in the 
palate. The exact morphology of these alterations in turn determines the extent of the necessary tissue shift at the 
time of surgical cleft closure and has consequences for healing and growth. The presurgical cleft palate morphology 
is therefore of great significance for the perioperative and long-term rehabilitation of patients. 
However, there is no consensus on how to measure the cleft size and categorize its severity. This might be 
because the separation of the maxillary segments [2] is easier to measure, while the extent of tissue deficiency is 
difficult to quantify. Further, defining the landmarks and measuring the cleft palate are commonly performed in 
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two dimensions [2–5], which represents a simplification of the three-dimensional (3D) complexity of the cleft palate. 
Moreover, there is a wide diversity of methodologies applied to describe the cleft palate morphology in children 
with complete unilateral cleft lip and palate. Some researchers measure only the separation between two segments 
anteriorly [4,5], whereas others measure the cleft width or area between the palatal shelves, which is commonly 
defined as the cleft area [3,6,7]. The cleft area is quantified as a percentage of the total palatal area rather than as an 
absolute number. The use of these methods to establish the correlation between the initial cleft size and outcome 
measurements, such as occlusion or midface skeletal development, has produced contradictory results due to ill-
defined landmarks, low-quality dental casts, and lack of general reproducibility [7–9]. 
The previously used two-dimensional (2D) measurement techniques comprise direct measurements of real 
plaster casts and measurements of its photographs or photogrammetric models, and measurements of occlusal 
radiographs [2–7,10–12]. The projection of 3D points onto a 2D plane is affected by the orientation of the cast and 
the plaster-cast surface area. Most measurements in cleft lip and palate studies, such as of the inclination of the 
palatal shelves or the surface area of the palatal segments, are 3D in nature and therefore only strictly valid when 
evaluated in three dimensions [13,14]. 
The aim of this cohort study was to use a new analysis method based on 3D standardized, reproducible 
landmarks to quantify the morphological changes of the palatal cleft and true cleft areas under passive plate 
therapy. 
2. Materials and Methods 
2.1. Patients and Plaster Casts 
This study retrospectively analysed 15 consecutive patients with complete unilateral clefts of the lip, alveolus, 
and palate who were treated at the last author’s (A.A.M.) institute. The subjects comprised 3 females and 12 males, 
and none of them had Simonart’s band. Each infant received passive plate therapy, that lead to 3 plaster casts that 
had been taken at the following different intervals (total of 45 casts): during the first week after birth (before passive 
plate therapy) (T0), 3–4 months after birth (ongoing passive plate therapy) (T1), and prior to primary surgery at 
around 8 months (at the end of passive plate therapy) (T2). Passive plate therapy was applied by the same surgeon 
(A.A.M.) to all patients. Informed consent was obtained from the children’s parents or guardians. The study was 
performed in accordance with the Declaration of Helsinki, and it was approved by the Ethics Commission of 
Northwest and Central Switzerland (EKNZ) (project-ID 2018-01561). 
2.2. Passive Plate Therapy 
After birth, an impression of the palate was taken in the awake infant using an individual impression tray and 
silicone (Epiform-flex, Dreve-Dentamid, Unna, Germany). The cleft depressions on the plaster cast were blocked 
out using soft putty (President, Coltène/Whaledent, Altstätten, Switzerland) in order to simulate a normal palatal 
vault shape and create a free space to the vomer mucosa, to the palatal shelves, and between the alveolar segments. 
The alternating application of monomer spray (Orthocryl liquid monomer, Dentaurum, Ispringen, Germany) and 
sprinkling of acrylic powder (Orthocryl polymethylmethacrylate, Dentaurum, Ispringen, Germany) formed a 
passive plate with a target thickness of 1.5–2.0 mm. A caregiver removed the plate once daily to clean and disinfect 
it (Octenisept, Schuelke, Norderstedt, Germany). A thin film of tasteless denture adhesive (Kukident Neutral Extra 
Strong, Kukident, Weinheim, Germany) kept the plate in place. The plate typically became unstable after 3–4 
months, when it was renewed. The third impression was taken prior to the lip and palate repair in one cleft surgery 
at around 8 months. 
2.3. Three-Dimensional Analysis 
Plaster cast of the infants were scanned and digitized using a high-precision laser scanner (Iscan L2, Imetric 
Swiss 3D Scanning Systems, Switzerland, precision of <15 μm) and were exported in the STL (stereolithographic) 
file format. The exported models were then imported into dedicated 3D analysis software (Mimics version 20.0, 
Materialise, Leuven, Belgium). 
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The 45 casts were analysed by marking 14 landmarks on each digitized model based on the principles of Stöckli 
[2] and Mazaheri et al. [10]. The 3D definitions of the measurement landmarks are presented in Tables 1 and 2 and 
illustrated in Figures 1 and 2. 
Table 1. Definition of landmarks for the 3D analysis. 
Abbreviation Name Definition 
Q Lateral sulcus vertex Point where the lateral sulcus intersects the crest of the 
ridge of the greater segment [4] 
T/T' Tuberosity vertex Points where the tuberosity border intersects the crest of the 
ridge of the greater (T) and lesser (T') segments [10] 
The base plane runs through T and T' and is perpendicular 
to the plane defined by (Q, T, T')  
The base line connects T–T' within the base plane 
g Greater ridge Path of the greater segment’s palatal shelf ridge, that is at 
the junction with the vomer [1] 
v Vomer edge Path along the maximal curvature of the vomer 
l Lesser ridge Path of the lesser segment’s palatal shelf ridge  
GA (=VA) Greater anterior 
(=Vomer anterior) 
Most-anterior point on the ridge of the greater segment 
where it intersects with the vomer edge 
GT Greater posterior Point where the ridge of the greater segment intersects the 
base plane  
GM Greater midpoint Point halfway between GA and GT following the path on 
the ridge of the greater segment 
LA Lesser anterior Most-anterior point on the ridge of the lesser segment ridge  
LT Lesser posterior Point where the ridge of the lesser segment intersects the 
base plane 
LM Lesser midpoint Point halfway between LA and LT following the path on 
the ridge of the lesser segment 
VT Vomer posterior Point where the vomer edge intersects the base plane 
VM Vomer midpoint Point halfway between VA (=GA) and VT following the 
path on the vomer edge 
The coordinate system was established as described by Botticelli et al. [15], by a horizontal plane passing 
through Q–T/T' and a posterior vertical plane perpendicular to the previous one passing through T/T'. The most-
anterior point on the palatal ridge of the greater segment (GA) and the most-anterior point of the vomer edge (VA) 







Figure 1. Establishment of a three-dimensional coordinate system. (A) and (B) A horizontal plane (green) is defined 
by (Q, T, T'), and a vertical plane (red) is defined by (T, T'). (C) and (D) The line between VT–VA denotes the vomer 
edge (v), the line between GT–GA denotes the palatal shelf ridge of the greater segment (g), and the line between LT–
LA represents the palatal shelf ridge of the lesser segment (l). 
The palatal cleft was delimited by the greater segment’s palatal shelf ridge (g) at the junction to the vomer and 
the lesser segment’s shelf ridge (l). The true cleft was delimited by the vomer edge (v) and the lesser segment’s 
palatal shelf ridge (l). The height measurements were performed along the three paths g, l, and v at nine equidistant 
points each, generated from the ascending order of 0 to 100% (0%, 12.5%, 25%, 37.5%, 50%, 62.5%, 75%, 87.5%, 




Table 2. Definitions of 3D landmark measurements. 
Abbreviation Description 
Cleft area dimensions 
GA/GM/GT–LA/LM/LT  Total palatal cleft area (PCA) 
VA/VM/VT–LA/LM/LT Total true cleft area (TCA) 
Transverse dimensions 
GA–LA Anterior palatal cleft width  
GM–LM Middle palatal cleft width 
GT–LT Posterior palatal cleft width 
VA–LA Anterior true cleft width 
VM–LM Middle true cleft width 
VT–LT Posterior true cleft width 
Vertical dimensions1 
g-height Height of the palatal shelf ridge of the greater segment 
perpendicular to the horizontal plane 
l-height Height of the palatal shelf ridge of the lesser segment 
perpendicular to the horizontal plane 
v-height Height of the vomer edge perpendicular to the horizontal 
plane 
1 Vertical dimension measured at nine equidistant points along the paths g, l, and v. 
 
Figure 2. (A) Palatal cleft: palatal cleft width (dashed lines) and palatal cleft area (shaded area). (B) True cleft: true 
cleft width (dashed lines) and true cleft area (shaded area). (C) and (D) The height of the palate to the horizontal plane 
at the vomer edge (v) and at the greater (g) and lesser (l) palatal shelf ridges. 
Connecting corresponding equidistant points from g to l and v to l (0% and 0%, 12.5% and 12.5%, and so forth) 
led to 8 equidistant quadrangles, which were split into two triangles each, leading to a total of 16 triangles (Figure 





Figure 3. True cleft area measurement connecting equidistant points from the vomer edge to the lesser palatal shelf 
ridge (0% and 0%, 12.5% and 12.5%, and so forth) led to 8 equidistant quadrangles, which were split into two triangles 
each, leading to a total of 16 triangles. Surface measurements of defined areas were then approximated as the sum of 
its comprising triangles. 
2.4. Statistical Analysis 
The measurements made at time points T0 and T2 were compared using a Wilcoxon signed-ranks test. 
Statistical significance was assumed at p < 0.05. The abovementioned procedures for calculating the cleft width, cleft 
area, and height of the cleft edges were repeated for 15 of the 45 casts both by the same rater and by a second rater. 
The differences were investigated to quantify the measurement error of the method according to Dahlberg’s 
formula [17]. The statistical analysis was performed using Stata (version 15.1, StataCorp LLC, Texas, USA). 
3. Results 
The analysis of landmark positioning in the 3D cast analysis showed that the intrarater measurement errors 
ranged from 0.7 to 0.9 mm and those for interrater measurements ranged from 0.5 to 1.0 mm. 
3.1. Cleft Width 
The median palatal cleft width at T0 was 11.4 mm (interquartile range, IQR = 9.8–14.4 mm) in the anterior 
region (GA–LA), 14.8 mm (IQR = 14.0–15.9 mm) in the midpalatal region (GM–LM), and 13.7 mm (IQR = 12.3–16.7 
mm) in the posterior region (GT–LT). The median true cleft width was 13.3 mm (IQR = 10.6–14.4 mm) in the anterior 
region (VA–LA), 9.9 mm (IQR = 8.1–11.0 mm) in the midpalatal region (VM–LM), and 7.4 mm (IQR = 5.8–10.4 mm) 
in the posterior region (VT–LT). The narrowing of the palatal and true cleft from T0 to T2 resulted in its width 
becoming more even from anterior to posterior locations along the cleft (Figure 4). The median palatal cleft width 
decreased significantly at T2, from 11.4 to 6.5 mm (z = 3.237, p = 0.0012) in the anterior region (GA–LA), from 14.8 
to 9.3 mm (z = 3.41, p = 0.0007) in the midpalatal region (GM–LM), and from 13.7 to 10.5 mm (z = 3.18, p = 0.0015) in 
the posterior region (GT–LT). Similar changes were seen in the true cleft width in the anterior region (VA–LA) (from 
13.3 to 6.8 mm, z = 3.41, p = 0.0007), in the midpalatal region (VM–LM) (from 9.9 to 5.0 mm, z = 3.41, p = 0.0007), and 
in the posterior region (VT–LT) (from 7.4 to 4.9 mm, z = 3.24, p = 0.0012) (Figure 4). The median decrease (from T0 




Figure 4. Median (A) palatal cleft width (PCW) and (B) true cleft width (TCW) before passive plate therapy (T0), after 
3–4 month of passive plate therapy (T1), and prior to primary surgery at around 8 months (T2). 
3.2. Changes in Palatal and True Cleft Areas 
The median total palatal cleft area (PCA) (GA/GM/GT–LA/LM/LT; see Figure 2A) decreased by 31.5% (from T0 to 
T2), and the median total true cleft area (TCA) (VA/VM/VT–LA/LM/LT; see Figure 2B) decreased by 34.71% (Table 3). In 
the anterior section, both PCA and TCA were reduced by around one-third (34.4% and 29.2%, respectively). However, in 
the middle and posterior sections, the reduction in the cleft area was larger for the true cleft than for the palatal cleft. In 
the middle section, TCA reduced by 29.2% while PCA reduced by 25.5%. The difference was even more pronounced in 
the posterior section: 41.3% for TCA compared to 18.3% for PCA (Table 3). The median changes from anterior to 
posterior of each of the eight equidistant quadrangles of the PCA and TCA are displayed in Figure 5.
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PCA Total 0%–100% 334 (294.9–349.8) 228.8 (205–287.9) 0.0015 
  
Anterior 0%–25% 75.3 (67.2–93.3) 49.4 (32.0–70.0) 0.0090 
Middle 25%–75% 157.0 (141.5–173.8) 116.9 (99.7–135.0) 0.0076 
Posterior 75%–100% 91.8 (77.5–102.6) 75.0 (61.5–84.2) 0.0090 
TCA Total 0%–100% 185.4 (151.5–220.1) 121.1 (100.2–144.6) 0.0015 
  
Anterior 0%–25% 56.9 (40.9–66.6) 41.7 (18.1–51.3) 0.0409 
Middle 25%–75% 84.7 (69.6–102.8) 60.0 (42.3–62.2) 0.0007 
Posterior 75%–100% 41.2 (31.5–48.5) 24.2 (20.3–32.35) 0.0012 
PCA, palatal cleft area; TCA, true cleft area; IQR, interquartile range. 
 
Figure 5. Median (A) palatal cleft area (PCA) and (B) true cleft area (TCA) at T0, T1, and T2 in eight equidistant 
quadrangles (0%–12.5%, 12.5%–25%, 25%–37.5%, and so forth) from anterior to posterior. 
3.3. Changes in the Height of the Palatal Surface 
The height of the palatal surface was measured to the horizontal plane (Q–T/T') along the longitudinal course 
of the cleft along three different paths: the greater palatal ridge (g), the lesser palatal ridge (l), and the vomer edge 
(v) (Figure 2C, D). At birth, the greater and lesser palatal shelf ridges followed a horizontal course at a height of 
around 8 mm, becoming skewed towards the posterior end. Both shelf ridges run at the same level, while the vomer 
edge paralleled their course at about 2 mm higher (Figure 6). The heights of the greater and lesser palatal shelf 
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ridges changed from T1 to T2 into a parabolic shape, being highest in the midpalatal section. At (T2), the shelf ridge 
of the lesser segment still ran parallel to that of the greater segment, but now at 2–3 mm higher. This meant that the 
shelf ridge of the lesser segment became closer to the course of the vomer edge (Figure 6). The change in the cross-
section shape through the midpalatal region (cut through GM and LM perpendicular to the horizontal plane) 
highlights the change in the height of the palate to the horizontal plane and is displayed in Figure 7. 
 
Figure 6. The median vertical height of vomer edge (v height), the junction between the palatal shelf of the greater 




Figure 7. Cross-section through GM and LM perpendicular to the horizontal plane, displaying the height of g, v, and 
l above the horizontal plane at T0 (A) and T2 (B). 
4. Discussion 
4.1. Three-Dimensional Analysis 
The dimensions and shape of the cleft alveolus and palate play an important role in the outcome of any primary 
surgery [18]. Different methods are used to measure the cleft dimensions, with some investigators only measuring 
the separation between two segments anteriorly, whereas others measure the cleft width at several palatal levels or 
measure the cleft area in relation to the total palatal area [2–7,10–13,18–20]. Aberrant anatomical structures on dental 
casts pose a major challenge to the clinician attempting to identify and determine the correct anatomical landmarks 
[20–22]. Vague landmarks are the most important factor contributing to inaccuracy of these measurement, and there 
is no standard protocol for identifying the points since demarcating these landmarks is extremely difficult 
[8,12,20,21]. 
4.2. Cleft Width 
The palatal cleft width and true cleft width decreased in all cases, which is consistent with previous reports 
[3,9,18] (Figure 4). The true and palatal cleft width decreased evenly along its longitudinal course, but slightly less 
in the posterior region, whereas the main effect was already observed at T1 (Figure 4). 
A presurgical reduction in the width of the cleft is considered a positive predictor of the surgical results, 
because this reduces the undermining mobilization of the tissues [5,23]. We reason this is achieved simply by 
blocking out the depressions on the plaster cast prior to plate fabrication to keep the palatal shelves and vomer 
surfaces free and not applying any pressure from the tongue. No gradual trimming of the plate was performed, 
which contrasts with other techniques such as nasoalveolar moulding (NAM) [5] and the Hotz-type plate [24]. 
4.3. Changes in the Palatal and True Cleft Areas 
Measuring the cleft area indirectly quantifies the shortage of palatal tissue when performing surgical repairs, 
and this shortage seems to be related to the amount of subsequent maxillary growth disturbances later in life [5]. 
Assuming that no tissue is freely transplanted into the cleft area in a primary repair, greater tissue shortage during 
cleft repair leads inevitably to (a) an increased area of secondary wound healing over soft tissue or bone or (b) an 
increased volume of dead space between tissues. Both effects are typically present but to variable extents depending 
on the precise surgical technique used, whether it is tissue turnover, tissue shift in the horizontal or vertical 
direction, and single- or double-layer tissue closure. However, these two effects are considered to equally increase 
the invasiveness of surgical repair due to more scarring and a greater risk of wound healing disturbances with, for 
example fistula formation. 
It has been proposed that a given ratio between the cleft area and the entire palatal vault surface within the 
alveolar ridges can help to define the time point when surgical repair leads to minimal side effects on growth [13]. 
When considering the effect of surgery on future growth, it is therefore important not only to discriminate between 
the surgical time point and technique, but also whether the surgical repair addresses the closure of the palatal or 
(in contrast) the true cleft region only—which constitutes only about half the surface area (Table 3)—and thus 
markedly reduces the degree of tissue shift. 
However, in addition to the total amount of tissue shift differing between PCA and TCA, there are also 
differences in geometry. This becomes clear when the cleft area is divided into eight sections from anterior to 
posterior (Figure 5). The palatal cleft area was minimal in the central section while being largest in the posterior 
section (Figure 5A). Clinical translation of this finding means maximized need for tissue shift in the posterior section 
of the palate. However, in the posterior section the palatal artery might impede free tissue movement, thus resulting 
in increased tissue tension, which is also a negative factor for wound healing and thus a risk factor for a residual 
fistula. Indeed, a meta-analysis [25] identified a fistula as being most frequently located in the posterior hard palate 
section, at the junction with the soft palate. 
In the true cleft region, the area of the posterior section was about the same as that in the central section (Figure 
5B). If the surgical cleft closure was limited to the true cleft region, it would have to be investigated whether this 
 
34 
could lead to a more homogeneous tissue displacement and tissue tension due to the more even distribution of the 
area in all sections.  
4.4. Changes in the Height of the Palatal Surface 
3D changes of the palatal curved surface at different stages have been studied by taking the bilateral tuberosity 
points, incisal point or canine points, which lacks objectivity and reproducibility [26]. The measurement technique 
must instead be based on a larger number of data points along a curve denoting the actual height of the palatal 
segments. Our method offers objectivity, reproducibility, and reliability at different stages (Figure 2C,D). However, 
the changes measured in the present study cannot be compared to those in previous studies due to differences in 
the parameters measured and the protocols used when treating cleft lip and palate [27]. With respect to a potential 
palatal repair after 8 months of pure passive plate therapy, two important discrepancies between TCA and PCA 
were identified. First, the tissue borders in the true cleft region (the vomer edge and the lesser segment) are 
vertically closer together than the tissue borders in the palatal cleft region (the greater segment and the lesser 
segment), thus from a surgical point of view requiring less vertical tissue displacement to come into the same 
vertical plane for cleft repair, which also minimizes the contiguous amount of dead space (Figure 6C). Second, the 
tissue borders are higher in the true cleft region than in the palatal cleft region (Figure 7), with this difference being 
more pronounced in the anterior region (Figure 6C). Thus, a repair following the tissue levels in the true cleft region 
might allow more space for the tongue in the anterior palatal region to have an undisturbed posture and 
articulation. 
4.5. Clinical Translation of the Findings 
The long history of presurgical orthopaedic treatment [28] has led to various technical variations depending 
on the effect aimed for. Some techniques [29] aim to guide the alveolar positions into an optimal position, not mainly 
for surgery but rather with the intent to optimize the long-term arch form. The plate is periodically trimmed every 
couple of weeks to guide the alveolar segments, and the orthopaedic therapy continues after lip surgery and soft 
palate surgery until when hard palate surgery is performed. However, a large randomized controlled trial failed to 
demonstrate—aside from the narrowing effect before lip surgery [30]—any persistent effect on arch form [31] or 
occlusion [32] from this specific type of presurgical orthopaedics (Hotz-type plate). Those authors concluded that 
lip surgery and subsequent palatal surgery overrode the forming effect of presurgical orthopaedics. We therefore 
refrained from using grinding to actively guide the alveolar segments, instead using a purely passive type of plate 
therapy similar to the passive appliance of Huddart [28] but without extraoral wires. 
In line with the findings of the aforementioned randomized trial, two main ways of clinical reasoning were 
observed: either presurgical orthopaedics are abandoned and one relies on the palatal shape changes that take place 
after lip surgery, or the presurgical orthopaedics focus mainly on the narrowing of the anterior cleft region to 
facilitate the primary repair in the lip, alveolus, and nose region (in NAM), with the palatal shape changes not being 
taken into account in the primary surgery. 
However, the present finding of narrowing of the true cleft region would also allow a third clinical reasoning—
using the effect of presurgical orthopaedics in exchange for performing a separate lip repair before palatal closure. 
As with most one-stage cleft repair techniques, the effect of preoperative orthopaedics is used in exchange for 
performing a separate lip repair prior to palatal closure. If the results can be confirmed in further studies, the 
common belief that early isolated lip surgery is necessary to provide optimal conditions for later palatal repair 
could be questioned. 
4.6. Strengths and Limitations 
We used the vomer edge (also called “Poutriquet’s ridge”) [1, 16] and innominate sulcus [16] as new 
anatomically reproducible landmarks that can be easily used to measure the true cleft width, area, and curvature 
in all dimensions (Figure 2). To the best of our knowledge, no previous 3D study has differentiated between TCA 
and PCA. Our measurement errors were found to be well within the ranges found in previous similar studies [8]. 
The landmarks used in the present study have biological correlates or distinct morphologies that facilitate their 
identification with high precision and reproducibility [22], which probably explains why the errors in the interrater 
transverse measurements were less than 0.5 mm, which is lower than that in all previous studies [8,21]. Moreover, 
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no previous study has measured the height of the vomer edge to the horizontal plane. The errors of our interrater 
measurements were within the acceptable limit of 1.0 mm, making it a practical cleft landmark with a defined cleft 
anatomical correlate—it is the zenith of the palatal vault prior to surgery (Figure 2D). 
The limitation of our study were the small sample size and the lack of a control group without passive plate 
therapy. We cannot draw any conclusion about whether the passive plate is also purely passive towards the 
intrinsic growth of each palatal half. Further, no data on a potential long-term effect of the plate therapy on the 
growth or shape of segments can be provided. This will be further complicated by the additional bias of the wide 
range of surgical techniques. Future studies involving larger numbers of patients and longer observation times are 
necessary, as well as 3D evaluations of a control group that does not receive passive plate therapy, in order to fully 
appreciate the effect of on the growth, remodelling and relocation of the palatal segments and vomer. 
5. Conclusions 
In conclusion, few studies have investigated the morphological changes of the cleft palate width by using 3D 
standardized, reproducible landmarks in unilateral cleft lip and palate patients. We have introduced the vomer 
edge for establishing a validated measuring method for the width, area, and height of the true cleft. To the best of 
our knowledge, this is the first 3D study to show the 3D morphological changes of a pure passive plate therapy 
over a long period of 8 months in the absence of previous lip surgery. In the investigated cohort without prior lip 
repair, passive plate therapy provided favourable anatomical conditions for subsequent surgical palatal repair.  
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Abstract 
This study examined the potential for dental magnets to act as a driving force for osteogenesis in the palate of newborns with 
a unilateral cleft lip and palate. In the first part of the study dental magnets were arranged in a set up mimicking a distraction 
device and the curves of the magnetic attraction force versus gap distance curves generated, with and without the presence of 
palatal rugae tissue in between both sides of the distraction device. The attraction forces ranged from 1 to 12 N depending on 
the gap distance and the presence of soft tissue in the gap. In the second part of the study these forces were used as input for a 
3D finite element model of the palate of a newborn affected by unilateral cleft lip and palate. In the analysis of load transfer, 
it was found that the strains generated by a magnetically induced distraction exceed 1,500 µstrain suggesting that bone 
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Cleft lip and palate (CL/P) is the most common presenting 
congenital condition of the face and cranial bones [1]. It is 
the most frequent craniofacial malformation affecting 1:500 
to 1:700 live births worldwide with tremendous variations 
across geographic areas, ethnic groups and socioeconomic 
status [2]. Cleft palate closure by surgery depends upon the 
adequacy of available palatal mucosal tissue. Insufficiency 
of such soft tissue is a cause for concern in the closure of 
severe wide clefts of the hard palate [3]. The tissue shortage 
makes it necessary to extensively mobilize the tissue 
adjacent to the cleft, leading to a wider tissue wound with 
consequent scarification due to the wound healing process. 
During wound repair, various 





tissues are involved, including palatal skeletal muscle, skin 
and mucosa. Inadvertently, the CL/P surgery leaves scars, 
which may interfere with normal growth and development 
of the midface and dentition [4].The other complications 
include insufficient palatal muscle function, which hampers 
swallowing, sucking and speech [5]. 
Tissue expansion techniques, which have gained popu- 
larity in other areas of the body for reconstructive needs, 
have been proposed for cleft palate repair [6]. The tissue 
expansion techniques described for cleft palate repair are 
categorized into two broad categories: mucoperiosteal tissue 
expansion (MTE) and distraction osteogenesis (DO). The 
procedure of MTE intends to expand purely the soft tissue 
overlying the bone. It was initially employed for fistula 
closure and later extended for the repair of primary cleft 
palate [7]. The principle employed is that of an expander 
placed under the mucosa on either ends of the palatal defect 
in an effort to generate additional soft tissue that can be used 
to close the defect. However, on a contrary note seven out 
of eleven patients had fistulas and some of the patients were 
found to require premature removal of the tissue expanders 
due to cyanosis or pale tissue [7]. So far, the results seem to 
raise many doubts and dilemmas and its effectiveness is still 
questionable. 
Distraction osteogenesis (DO) is a method of increasing 
bone volume by controlled daily separation of the bone ends 
on either side of a surgical bone cut. The increase in bone 
volume leads to expansion of its overlying soft tissue. Callus 
formation occurs after 5 to 7 days, followed by bony 
ingrowth. When the required bone length has been achieved, 
the distraction device remains in place to serve as a rigid 
skeletal fixation until maturation of the generated new bone 
is achieved in the consolidation period [8]. Till date, there is 
to our knowledge only one case report of distraction treating 
palatal fistula in adults [9] yet unfortunately it provides little 
evidence supporting the efficacy of DO in cleft palate repair. 
The periosteal distraction osteogenesis (PDO) is a var- 
iation of DO, where the gradual tissue separation is made 
between the periosteum and the bony surface, allowing at 
the same time for new bone formation without corticotomy 
[10] and expansion of the overlying soft tissues, such as 
periosteum, muscle and skin. 
Static magnetic fields have been used for bone formation 
in medical research under a weak magnetic force for a long 
period [11]. To understand the mechanism of the muco- 
periosteal tissue expansion and tissue formation, the dis- 
tribution of stresses and strains within the periosteal tissue is 
required. 
Computational Finite Element (FE) modelling of the 
tissue provides a quantified estimate of the stresses and 
strains generated by a magnetic force through the muco- 
periosteal tissue to the underlying bone. The irregular 
geometry of the periosteal tissue and microarchitecture of 
the underlying bone in the unilateral cleft models has been 
simplified in previous models, despite the fact that such 
differential anatomical features can significantly influence 
the spatial stress distribution in the palate [12]. To date there 
is no study investigating the mechanical loading during 
periosteal tissue expansion in cleft palate of newborns with 
unilateral clefts. 
The objective of this study is to quantify the stresses and 
strains in the palate of a newborn with a unilateral cleft lip 
and palate (UCLP) simulating the periosteal loading through 
magnetic forces and to verify whether the loading could 
reach the threshold necessary for bone formation. The early 
formation of new bone would reduce the gap and therefore 
the strain induced by the surgical closure. As at this stage no 
in-vivo load transducers can be placed, patient- specific finite 
element modelling is the obvious approach to assess the 
magnetic load transfer across the neonatal palate. 
 
 
2 Materials and methods 
 
The study consisted of two parts. Firstly, the magnitude of 
dental magnets in various implant-like in-vitro setups were 
measured. Data from these experiments were subsequently 
used as input for a 3D FE-model of the cleft palate of 
newborn to assess the palatal load transfer. 
 
2.1 Experimental characterization of the dental 
magnets 
 
Two different types of magnets were used for testing (Dyna 
WR magnets, Dyna Dental Engineering B.V., Halsteren, 
Netherlands). The dental magnets were disc-shaped with 
dimensions: 1.7 mm (02MS1 Dyna WR magnet S3) and 
2.7 mm height (02MS2 Dyna WR magnet S5), both with 
4.5 mm diameter. The 1.7 mm magnet (S3) had a nominal 
attachment force of 300 g, whereas the 2.7 mm magnet (S5) 
had 500 g. The magnets are made of Neodymium/Boron/ 
Iron alloy and belong to the group of rare earth or perma- 
nent magnets. The magnets were glued onto two plastic 
strips in five configurations (a single magnet, two in a row, 
etc. up to five in a row). Each strip was mounted into the 
opposing grips of a universal material testing machine 
(Instron® 3344 equipped with a 100 N load cell; Instron, 
Norwood, Massachusetts, USA) (Fig. 1a). The initial dis- 
tance between the opposing strips with magnets was 10 mm 
and this gap was closed by the testing machine at a speed of 
10 mm/min. A continuous readout of the attraction force 
values and gap distance was recorded, enabling the con- 
struction of force/distance plots. The experiments were 
repeated with a 2 mm and 4 mm thick slice of porcine palatal 





Fig. 1 a Magnets mounted in 
strips for testing on Universal 
material testing machine (Instron, 
Norwood, Massachusetts, USA). 
b Porcine rugae tissue with a 


















Fig. 2 From CT scan to FE-model. a The 3D reconstructions of the soft and hard tissues, b Frontal view of the region of interest for the FE model 
c Palatal view of the region of interest for the FE model d and the FE model of the dental magnet partially visible 
 
 
placed between the magnets (Fig. 1b), simulating the fact that the magnets, once in use, would be implanted subcu
taneously. 
 
2.2 Creation of the FE-model 
 
A computerized tomography (CT) scan of a 2-week old 
newborn with a unilateral cleft lip and palate from an 
anonymized database following the principles expressed in 
the Declaration of Helsinki was made available. The scans 
were imported into dedicated image analysis software 
(Mimics v.19, Materialise, Leuven, Belgium) and a 3D 
surface model was generated by thresholding and selecting 
only the hard tissues of the cranium and maxilla (Fig. 2a). 
The region of interest was further reduced by virtually cut- 
ting away everything except the mid-face (Fig. 2b, c). Two 
sides of a bone distraction/generation implant were con- 





Table 1 Mechanical properties of the materials used in the present study. For the different bone tissues (1 until 10) the percentage signifies the 
cumulative amount of bone elements belonging to this specific tissue 
 
Material Apparent Density (gr/cm3) Young’s Modulus (MPa) Poisson’s Ratio (-) Yield Strength  
    Compressive (MPa) Tensile (MPa) 
Bone 1 (0.1%) 0.04 5 0.4 −0.06 0.04 
Bone 2 (0.5%) 0.10 51 0.4 −0.61 0.40 
Bone 3 (30.9%) 0.18 157 0.4 −1.89 1.26 
Bone 4 (89.6%) 0.26 351 0.4 −4.22 2.81 
Bone 5 (97.8%) 0.36 677 0.4 −8.12 5.41 
Bone 6 (98.8%) 0.50 1212 0.4 −14.54 9.70 
Bone 7 (99.4%) 0.66 2115 0.4 −25.37 16.92 
Bone 8 (99.8%) 0.83 3752 0.4 −45.02 30.02 
Bone 9 (99.9%) 1.20 7226 0.4 −86.72 57.81 
Bone 10 (100%) 1.90 18048 0.4 −216.58 144.38 
Implant – 100 0.4 – – 
 
 
placed at either side of the cleft (Fig. 2d). Using the pro- 
gram’s FE module, the model, including the two implant 
bars, was transformed into a 3D FE-mesh consisting of 
238,243 4-node tetrahedral elements with 43,822 nodes. 
The position of the centroid of each element was calculated 
and a grey value was associated to it, based on spatial 
interpolation of the grey values of the nearest voxels. Using 
arithmetic relationships between grey values, apparent 
densities and Young’s moduli, relevant material properties 
were assigned to the elements [12–15] (Table 1). Subse- 
quently, the Young’s moduli were stratified into ten mate- 
rial property groups, ranging from 5.2 MPa, representing 
very low-density cancellous bone (ρapp = 0.04 gr/cm3) to 
18,050 MPa, representing high density cortical bone (ρapp = 
1.90 gr/cm3). The FE-model was then exported from the 
image analysis program in NASTRAN format and imported 
into an FE-analysis program (Strand7, Sydney, Australia). 
The material properties of the bone were assumed non-
linear, as the stress-strain curves for the bone in the ten 
material property groups were adapted such that the bone 
would behave as a perfectly plastic material with a 150 per 
cent higher compressive strength than a tensile strength 
[16]. 
 
2.3 Preprocessing and FE-analysis 
 
Prior to the analysis the boundary conditions were defined 
by restraining the degrees of freedom of the nodes on the cut 
border surfaces perpendicular to these surfaces of the model. 
The nodes were allowed to move in the plane of these border 
surfaces to simulate residual stiffness of the (non-modeled) 
rest of the skull. 
External forces were assigned to the two facing sides of 
either bar implant. The force magnitude derived from the 
abovementioned experiments with the dental magnets, while 
the direction followed from the direction of mutual attraction. 
The FE-analysis was conducted with the above- mentioned 
material considerations, boundary conditions and external 
loading, using a non-linear solver with logarithmically 
increasing increments from 0.01 to 1 (100% load). The 
various components and invariants of the deformations, 
stresses and strains were calculated and used 





3.1 Experimental characterization of dental magnets 
 
The experimental force/distance curves of each magnet 
with different combinations were obtained. The combi- 
nation of two oppositely placed single 500 g magnets 
yielded a maximum attraction force of 2.8 N, right before 
the two magnets came in contact with each other and 
compressive forces started to develop. Adding up to 5 
magnets on either side of the testing device increased the 
attraction force to 11.7 N (Fig. 3). The distance between 
the magnets, however, had a significant influence on the 
magnitude of the attraction force. When the separation 
between the magnets is 1 mm the attraction forces are 
merely 1.0 and 4.6 N for a set of one and five opposing 
magnets, respectively. Adding a layer of porcine palatal 
rugae tissue in itself did not influence the test curves, as 
long as the two sides were sufficiently apart. However, the 
presence of rugae tissue prevented the magnets to come 
closer together, which in turn prevented the attraction 
forces to reach levels seen for the curves without rugae 







Fig. 3 The magnetic attraction forces as a function for the distance 




Fig. 4 The magnetic attraction forces for five 300 and 500 gram 
magnets with either no or 2 mm thick or 4 mm thick porcine rugae 
 
 
3.2 Numerical assessment of palatal loading 
through dental magnets 
 
The strain components in the X- (coronal), Y- (medial/lat- 
eral) and Z- (anterior/posterior) are different in each direc- 
tion. The application of magnetic attraction forces of 1 N to 
the implant bars of the FE-model would represent the force 
level corresponding to the presence of rugae tissue at a 
separation of 3 to 4 mm between the two sides of the implant 
design, assuming the presence of five 500g-magnets. In the 
Y-direction, which approximates closely the direction of the 
magnetic forces, the strains are predominantly localized in 
the palatal shelf of the lesser segment and vomer edge (Fig. 5b). 
In the X- direction, the largest strains are concentrated in the 
posterior part of the vomerine edge of the cleft (Fig. 5a), 
while in the Z- direction the strains are mainly seen in the 
middle portion of greater segment’s palatal shelf ridge  (Fig. 
5c). The distribution of the von Mises strains, a measure for 
the overall strain intensity, showed the largest values on both 
sides of the cleft and reached values between 750 and 1,500 
µstrain (Fig. 5d). 
The application of an attraction force of 5 N exceeded 
the experimental results with rugae tissue present and 
would thus represent an overestimation of the magnetic 
forces. In this case, the   strain   levels   exceeded 1,500 
µstrain. For the coronal (X-) direction the strains 
exceeding 1,500 µstrain are found in the vomerine ridge, 
in the palatal shelf of the lesser and in the greater seg- 
ments of palatal shelf ridge (Fig. 6a). In the medial/lateral 
(Y-) direction the maximum strains are found on the 
palatal shelf of the lesser and greater segment and on the 
vomerine surface (Fig. 6b) and in the antero-posterior (Z-
) aspect, the maximum strains are found on the greater 
segment of the palatal shelf ridge (Fig. 6c). The highest 
von Mises strains are found on both sides of the palatal 
cleft segment (Fig. 6d). 
Visualizing in more detail at where in the model the strain 
levels are >1,500 µstrain, it can be seen that these occur 
predominantly in the direct vicinity of the cleft (Fig. 7). 
Although for the magnetic force of 1 N this limit has just 
been reached, the 5 N magnetic force caused a substantially 






The aim of this study was to assess whether dental mag- nets 
have the potential to act as a device to generate palatal bone 
tissue. Harold Frost hypothesized, in his Mechanostat 
theory, that the amount of tissue being formed (or resor- 
bed) is dependent on the actual load level it is subjected to: 
a) Bone strained with less than 1,000 µstrain is in a state of 
disuse, which could lead to bone resorption and net bone 
loss [17–19]. b) Bone with 1,000–1,500 µstrain is in an 
adaptive state, whereby no bone is either lost or gained. c) 
Bone strained to more than 1,500 µstrain is in a state of mild 
overload and new bone will be formed. d) Finally, towards 
the upper limit of this window (15,000 µstrain) a case of 
severe overload might occur with the risk of fracture.  
Therefore, if a minimum strain level of   1,500 µstrain is to 
be achieved for bone apposition, a detailed insight in the 
palatal load transfer mechanism in newborns with cleft lip 
and palate is required. 
To see whether dental magnets can generate sufficiently 
high forces, several set-ups were tested, including the 
absence or presence of rugae tissue between the magnets. 
For this, palatal rugae samples were excised from a pig’s 
head, obtained at a local butchery, as porcine soft tissue is 
generally seen as to come close to the human equivalent. 
Depending on the number of magnets and the inter-magnet 
distance, attraction forces in the order of magnitude of 1 to 
10 N were measured. It should be noted here, however, that 






Fig. 5 The distribution of the three orthogonal strain components von Mises strains for magnetic attraction forces of 1 N a palatal view with the 




Fig. 6 The distribution of the three orthogonal strain components von Mises strains for magnetic attraction forces of 5 N a palatal view with the 







Fig. 7 The distribution of the von Mises strains for magnetic load of 1 
N and 5 N in the range of 1,500 to 15,000 μstrain (palatal view with 
the X-axis pointing coronally, Y-axis pointing left and Z-axis pointing 




prototype of the palatal distraction device but only to 
establish the force/distance relationship. 
Due to ethical reasons, strain-measuring devices or force 
transducers cannot be implanted in newborns with a cleft to 
assess the palatal load transfer at this stage. Therefore, an 
in-silica approach in the form of a detailed 3D FE-model 
was considered the only valid alternative for which a scan 
of an actual patient with unilateral cleft lip and palate was 
required. The scan, which was made available, had 
originally been taken for a medical condition 
(hydrocephaly) and it was justified and proven that  this 
condition did not cause deformity in craniofacial growth and 
morphology [20], Provided an FE-model is well designed 
and constructed and its assumptions are well-founded, it can 
supply results which cannot be obtained through other 
means. Within orthopedics FE- modelling is a well-
established and generally accepted method to analyze 
implant-to-bone load transfer and to support the design of 
new implants, often using patient- specific models [21]. In 
our study, 3D data from CT scans were used to create a 
geometrically accurate model of the palatal region of a 
newborn with a unilateral cleft lip/ palate. Furthermore, the 
spatial distribution of the grey values in the 3D data-set was 
used to provide the elements with material properties 
approximating the actual distribution of bone stiffness in the 
facial skeleton. Direct 
measurements of Young’s modulus and other material 
properties of neonatal palatal bone are difficult to perform 
for both technical and ethical reasons. However, studies are 
available in which the relationships between grey values of 
CT data of bone, and its density and Young’s modulus. In 
the present study, it was assumed that the highest grey 
values corresponded to the presence of a high-density 
cortical bone with a Young’s modulus of 18 GPa. For the 
association of other grey values and bone stiffness, the 
relationships given by [13–15] were scaled to fit the 18 GPa 
upper limit. 
As no information of the force levels for the facial mus- 
culature of newborns was available and tongue thrust and 
sucking forces are irregular, both in magnitude and fre- 
quency, it was decided only to incorporate the magnetic 
attraction forces of the virtual palatal implant in this study. It 
should thus be kept in mind that in reality the stresses and 
strains due to the magnetic distraction device would have to 
be added to those generated by the aforementioned physio- 
logical sources. 
In the present study we found that magnetic forces of 
dental magnets range from 1–10 N in an implant- like set up. 
The strain levels in the palatal segments of the cleft for these 
load cases do reach the 1,500 µstrain limit for mild overuse, 
suggesting that periosteal tissue modelling will be induced. 
The amount of separation between the two sides of the 
implant will be important for the magnitude of the magnetic 
forces. Especially for a narrow gap between both sides of the 
implant generate large forces, yet a mere millimeter larger 
gap would see substantially lower attraction forces. As for a 
working distraction device both sides (greater and lesser 
segments of the cleft palate) of the implant would gradually 
come closer to each other due to a newly generated bone, the 
attraction would become larger and higher strain levels would 
be incurred. The presence of soft tissue due to the sub- 
cutaneous design of the implant, however, will prevent the 
full contact of the opposing magnets and generate their 
maximum attraction force potential. 
The directional strain components were largest in the 
medio/lateral aspect, thereby following the magnetic for- 
ces on either side of the implant. The anterior portion of the 
lesser segment featured the largest tensile strains, followed 
by the strains in the greater segment. On the posterior part 
of the vomer mediolateral strains were compressive in 
nature and are caused by squeezing action during the 
distraction process. However, these will depend on 
individual anatomical variations and size of the cleft. Due to 
Poisson effect the strains in the coronal aspect are opposite 
in nature to the aforementioned strains in the mediolateral 
aspect. To a lesser degree it also occurs in the 
anteroposterior direction. 
As mentioned above, it was not the aim of the current 





device for the use in newborns. It has merely confirmed the hypothesis that dental magnets do have the potential 
to generate levels of tissue strains, associated with mild overload, resulting in bone apposition. As the feasibility 
of dental magnets for the purpose of osteogenesis has now been demonstrated, the next step will be to produce a 






(1) Dental magnets can produce attraction forces large enough to be used for adaptive remodelling or guided bone 
formation on infant cranio-facial complexes. 
(2) The strains in the periosteum and the underlying palatal bone generated by magnetic attraction forces are 
compatible with adaptive bone formation in the unilateral cleft palate model. 
(3) With magnitudes exceeding 1,500 µstrains, the tensile strains in the lesser and greater segments will act as 
stimulus for guided bone formation in the medio-lateral aspect. 
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Abstract: The primary correction of congenital complete unilateral cleft lip and palate (UCLP) and 
bilateral cleft lip and palate (BCLP) is challenging due to inherent lack of palatal tissue and small 
extent of the palatal shelves at birth. The tissue deficiency affects the nasal mucosa, maxillary bone 
and palatal mucosa. This condition has driven the evolution of several surgical and non-surgical 
techniques for mitigating the inherent problem of anatomical deficits. These techniques share the 
common principle of altering the neighboring tissues around the defect area in order to form a 
functional seal between the oral and nasal cavity. However, there is currently no option for rectifying 
the tissue deficiency itself. Investigations have repeatedly shown that despite the structural tissue 
deficiency of the cleft, craniofacial growth proceeds normal if the clefts remain untreated, but the 
cleft remains wide. Conversely, craniofacial growth is reduced after surgical repair and the related 
alteration of the tissues. Therefore, numerous attempts have been made to change the surgical 
technique and timing so as to reduce the effects of surgical repairs on craniofacial growth, but they 
have been only minimally effective so far. We have determined whether the intrinsic structural soft 
and hard tissue deficiency can be ameliorated before surgical repair using the principles of periosteal 
distraction by means of magnetic traction. Two three-dimensional maxillary finite element models, 
with cleft patterns of UCLP and BCLP, respectively, were created from computed tomography slice 
data using dedicated image analysis software. A virtual dental magnet was positioned on either side 
of the cleft at the mucoperiosteal borders, and an incremental magnetic attraction force of up to 5 N 
was applied to simulate periosteal distraction. The stresses and strains in the periosteal tissue induced 
by the magnet were calculated using finite element analysis. For a 1 N attraction force the maximum 
strains did not exceed 1500 µstrain suggesting that adaptive remodeling will not take place for 
attraction forces lower than 1 N. At 5 N the regions subject to remodeling differed between the UCLP 
and BCLP models. Stresses and strains at the periosteum of the palatal shelf ridges in the absence of 
compressive forces at the alveolar borders were greater in the UCLP model than the BCLP model. The 
findings suggest that in newborns with UCLP and BCLP, periosteal distraction by means of a magnetic 
5 N attraction force can promote the generation of soft and hard tissues along the cleft edges and 
rectify the tissue deficiency associated with the malformation. 
 
Keywords: cleft lip and palate; finite element model; periosteal bone remodeling; unilateral cleft 
palate; bilateral cleft palate; distraction 
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Cleft lip and palate (CLP) is the most common craniofacial malformation, affecting one in every 
500 to 700 live births, thus accounting for about 220000 new cases each year worldwide with disparity 
across geographic areas, racial groups, and socioeconomic status [1]. No effective preventive measures 
exist. The ongoing manifestation of CLP as well as its broad implications on psychological well-being, 
speech, orofacial development, and therapeutic burden underline the need to identify and targeting the 
intrinsic causes [2–4]. 
The etiology of CLP is complex, which could occur as a result of multiple genetic and environmental 
factors or a combination of both [5,6]. The clefting of the lip and/or palate may occur in a unilateral 
or bilateral fashion, and the embryological pattern of clefting results from a fusion failure during the 
development of maxilla and palate. The normal fusion of the medial frontonasal process with the 
maxillary process of the first pharyngeal arch takes place at 4–6 weeks of gestation forming a primary 
palate [7]. A complete fusion failure results in a cleft of the lip through the vermillion border that 
extends to the nasal sill and in a cleft of the alveolar process [7]. The cleft of the secondary palate occurs 
at 8–12 weeks of gestation due to fusion failure of the palatal shelves of the maxillary processes [8,9] 
that results in a cleft in the palatal roof and soft palate that extends to the uvula. 
Affected children have a range of both functional and esthetic problems. They comprise feeding 
difficulties at birth due to incomplete oral seal, swallowing, nasal regurgitation, respiratory problems, 
hearing difficulties due to abnormalities in the palatal musculature, and speech impairments due to air 
escape and articulation problems [10]. Therefore, an ideal early and complete cleft treatment would 
allow the normalizing of food intake, speech development, growth and esthetics - while imposing 
minimal treatment burden to child and family. 
Several different surgical protocols have been advocated for managing children with CLP. 
The amount of palatal mucosa present and timing of the surgery play important roles in healing success 
after surgery. Clefting of the palate at birth structurally results in 16% less palatal mucosa compared 
with a normal child [11] and anatomically smaller palatal shelves on the cleft and noncleft sides [12,13]. 
The intrinsic tissue deficiency in the palate has no spontaneous improvement trend. It persists until 
adulthood in both unilateral cleft lip and palate (UCLP) and bilateral cleft lip and palate (BCLP) [14]. 
A scientific basis was proposed in 2005 for determining the optimal conditions for palatal cleft 
closure in complete UCLP and BCLP [15]. This should be performed when the surface area of the 
cleft space does not exceed 10% of the surrounding palatal surface bounded by the alveolar ridges, 
because under these circumstances the facial growth is less affected, independent of the patient’s age at 
surgery [15]. This recommendation may be applicable for clefts which are smaller in size, whereas 
in cases of wider clefts it is imperative for surgeons to mobilize the tissue adjoining the cleft more 
extensively which may lead to open wound areas that undergo secondary healing. This may lead to 
structural tissue deficiencies and pronounced interference with the normal growth and development 
of the midface [16]. 
The use of a palatal appliance for presurgical maxillary orthopedics is a widely accepted non-
surgical therapeutic adjunct for addressing the problem of tissue deficiency in wider clefts. Such an 
appliance approximates the palatal shelves and thus reduces the alveolar and palatal cleft width prior 
to surgery [17]. The effect of those appliances on the growth is controversial. Some proponents of 
this technique have claimed that gradual adaptations of the appliance can stimulate palatal tissue 
growth [18,19]. Others have shown that this approach resulted in retarded growth of the palatal tissue 
[20]. Finally, a randomized controlled trial concluded that using a palatal appliance does not result  in 
any permanent growth change or tissue gain [21]. 
Various surgical techniques have also been applied in an attempt to mitigate the problems of 
tissue deficiency. These techniques varied between surgeons, and there is still no consensus on which 
is the best protocol for treating CLP patients. Seventeen different surgical sequences for repairing 
unilateral complete clefts were identified in a survey of over 201 European cleft centers [22]. 





Three main surgical principles to mitigate the tissue deficiency in CLP have evolved [23]. The first 
principle limits the closure only to either the oral or the nasal mucosa layer by applying a so called 
single-layer closure [24–27]. This procedure involves turning over the mucosa from either the oral or the 
nasal cavity like a book page while leaving an open wound on the back side of the turned-over mucosa. 
The second principle involves detaching the oral tissue and shifting it over the cleft area while creating 
an open wound that heals outside the cleft area from where the tissue has been detached [28–30]. In the 
third principle, tissue from outside the palatal area is used to cover the open wound areas that result 
from the first or second technique [31–34]. While all of these surgical techniques are able to close the 
cleft gap using the available tissue, none of them result in the generation of new mucoperiosteal tissue. 
Adjuvant therapies or strategies such as tissue expansion [35] and distraction osteogenesis 
(DO) [36] have been attempted to increase the volume of tissue in the areas of tissue deficiency in 
clefts. The principles of DO require a bone cut through the palatal shelf ridges. However,  in infants 
this would damage the dental follicles that are embedded in the palatal shelf ridges. Most tissue 
engineering studies have focused on the application of biomaterials purely for bone generation [37]. 
However, the palatal cleft comprises bone and two mucosal layers, which makes it a difficult target for 
biomaterial or tissue-engineering techniques. 
Animal experiments suggest that periosteal distraction osteogenesis (PDO) is an appealing option 
for utilizing the principles of DO [38–40] for combined bone and soft tissue generation without the need 
for a bone cut. PDO is performed by gradual lift-up on the mucoperiosteum from the underlying bone 
by applying mechanical loading. The physical tissue strain and biological tissue stimulus to bone and 
periosteum lead to new tissue formation. We therefore address PDO as a potential treatment strategy 
to target the tissue deficiency in orofacial clefts while using magnetic forces to exert the necessary 
tissue strain. Magnetic forces have been used in orthodontics to generate tooth movement and to 
promote tissue reactions [41]. 
Finite element (FE) analysis is a numerical tool to compute the stress and strain fields in the 
bone structure under external loading. It thereby reveals the distribution of the internal loads and 
deformations. Computational FE analysis has provided crucial basic data for understanding mechanical 
interactions between the magnets and mucoperiosteal tissue for tissue expansion [42]. The loading 
distribution depends on the shape and size of individual anatomical structures and malformation. 
Previously, this method has been used to assess the maxillary load transfer during conventional DO in 
patients with cleft lip and palate [43]. 
In our previous study we have examined the feasibility of dental magnets as distraction devices 
in newborns with UCLP [44]. Unilateral clefts form 76% of all CLP cases worldwide which still leaves 
the BCLP, accounting for one fourth (24%) of all CLP unaddressed [45]. As the anatomy of BCLP is 
different from UCLP, it is the aim of this study to compare the load transfer of magnetic forces used for 
PDO in both UCLP and BCLP in silico models. It examines whether the forces reach the threshold 
necessary for regeneration of the hard and soft tissue volumes along the cleft edges in both UCLP 
and BCLP. 
2. Materials and Methods 
 
2.1. Ethical Statement and Patient Data 
The reported investigations and procedures were conducted according to the principles expressed 
in the Declaration of Helsinki. Two computed tomography (CT) scans of anonymized 2- and 3-week-old 
newborns with complete UCLP and BCLP, respectively, were obtained from an existing database and 
analyzed. The DICOM data sets of 2 CT scans were obtained from a commercial CT scanner using a 
voxel size of 0.3 mm (Philips CT scanner, Eindhoven, The Netherlands). 





2.2. Model Construction 
The CT scans of the UCLP and BCLP newborns were imported into dedicated image analysis 
software (Mimics version 19, Materialise, Leuven, Belgium) and three-dimensional (3D) surface models 
were generated by thresholding and selecting only the hard tissues of the cranium and maxilla.     The 
region of interest was further defined by virtually removing all structures except for the midface, 
including the maxilla and the adjoining bony segments of the face (first, second and third rows in 
Figure 1). 
 
Figure 1. From computed tomography scans to finite element (FE) models with magnets in 
the unilateral cleft lip and palate (UCLP, left column) and bilateral cleft lip and palate (BCLP, 
right column). Frontal views of three-dimensional reconstructions of the soft tissue (first row) 
and hard tissue (second row). Regions of interest of the FE models (third row) and the models 
with magnetic strips which are blue in color (fourth row). 





2.3. Magnet Implantation 
The rare-earth permanent magnets used for in vitro testing were constructed from a neodymium-
boron-iron alloy (Dyna WR magnets, Dyna Dental Engineering, Halsteren, The Netherlands). The magnets 
were disc shaped with a height of 1.7 mm and a diameter of 4.5 mm (02MS1 Dyna WR magnet S3). The 
mucoperiosteum borders on the cleft and non-cleft sides were covered with two 23 mm long parallel bars 
of five magnets each placed in a row in the UCLP and BCLP models (Figure 1, fourth row). In the 
following analyses, each row of the magnets was assumed to exert attracting forces relative to the 
oppositely placed row of magnets. Experimental force-distance curves for these magnets were measured 
[44] with the results used to define incremental forces with a magnitude of up to 5 N to either side of the 
cleft in the UCLP and BCLP models. 
2.4. FE Model Design 
The FE mesh was constructed based on the CT scans of the 3D UCLP and BCLP models. The UCLP 
FE mesh consisted of 238243 4-node tetrahedral elements with 43822 nodes, whereas the BCLP FE 
mesh consisted of 409027 4-node tetrahedral elements with 74551 nodes. The position of the centroid 
of each element was calculated and a gray scale was associated with it based on spatial interpolation of 
the gray scale values of the nearest voxels. The gray scale values from the CT scans were correlated 
with the material density and the material stiffness. Relevant material properties were assigned for the 
elements representing bone, arithmetic relationships between gray scale values, apparent densities and  
Young’s moduli [46–49]. Depending on its apparent density and the associated gray scale values, the 
bone tissue was stratified into ten different material property groups, ranging from very low-density 
cancellous bone (bone 1) to dense cortical bone (bone 10). The material properties of these ten types of 
bone (apparent density, Young’s modulus, Poisson’s ratio and yield strength) were same as used by 
Nalabothu et al. [44].To highlight the compositional difference between the UCLP and BCLP model 
each type of bone density (bone 1 to bone 10) has been cumulatively compared between both models 
(Figure 2). 
 
Figure 2. The cumulative percentage of the ten material property groups for the unilateral 
cleft lip and palate (UCLP) and bilateral cleft lip and palate (BCLP) models, respectively. The 
material properties of the ten different bone types are retrieved from Nalabothu et al. [44]. 





2.5. FE Analysis 
The UCLP and BCLP FE models were exported from the image analysis program in NASTRAN 
format and imported into an FE analysis program (Strand7, Sydney, Australia). The material properties 
of the bone were assumed to be non-linear, with its stress-strain curves in the ten groups adapted   so 
that the bone would behave as a perfectly plastic material whose compressive strength was 150% 
higher than its tensile strength [50]. The FE analyses were conducted using a nonlinear solver with 
logarithmically increasing increments from 0.01 to 1 (100% load). The calculated stresses and the 
associated strains were used for post-processing. 
3. Results 
The application of a 1 N attraction force did not produce strain levels in the 1500 µstrain range 
in both the UCLP and BCLP model. As this was considered a minimum requirement for adaptive 
remodeling, in the following only the results for a 5 N attraction force are presented.  
3.1. Overall Deformation of the Maxilla 
The maximum deformation in the UCLP and BCLP models occurred around the sites adjacent to 
the magnetic strips at the vomer edge of the greater and lesser segments of the palatal shelf ridge. The 
overall deformation was greater in the UCLP model (left column of Figure 3) than in the BCLP model. 
In the BCLP model, the deformations occurred more in the posterior area of the palatal shelf ridges 
(right column of Figure 3) than in the anterior one. 
 
Figure 3. Distribution of the overall periosteal deformation in mm for 5 N loading in 
the UCLP (left column) and BCLP (right column) models. Frontal (top row) and palatal 
(bottom row) views are shown. 





3.2. Stresses and Strains in the Maxilla 
The obtained stress/strain components of the UCLP and BCLP FE models in the X-direction 
(coronal), Y-direction (medial/lateral) and Z-direction (anterior/posterior) were different in each aspect. 
In the BCLP model no strains higher than 1500 µstrain were seen for a magnetic load of 1 N (Figure 4). 
However, a load of 5 N regions with strains beyond 1500 µstrain were observed though less than the 
UCLP model [44]. 
 
Figure 4. Areas showing the overall strain levels in BCLP model during loading of 1 N 
(left) and 5 N (right) from the palatal view. 
The orthogonal stresses in the coronal (X) direction occurred in the UCLP model mainly at the 
anterior part of the ridge of the lesser segment and the posterior part of the vomer edge (Figure 5: 
left column, top row), while in the BCLP model it occurred bilaterally in the posterior border of 
palatal shelf ridge (Figure 5: right column, top row). The orthogonal stresses in the medial/lateral 
(Y)-direction occurred in the UCLP model mainly at the middle portion of the lesser segment’s ridge 
and in some sparse areas at the middle portion of the vomer edge and the greater segment’s ridge 
(Figure 5: left column, second row), while in the BCLP model it occurred bilaterally on the palatal shelf 
ridges at the anterior tip and posterior border (Figure 5: right column, second row). 
The orthogonal stresses in the antero/posterior (Z) direction occurred in the UCLP model mainly 
on the anterior portion of the lesser segment’s ridge and on the middle portion of the vomer edge and 
on the anterior portion of the greater segment’s ridge (Figure 5: left column, third row), while there 
were no stresses in this direction in the BCLP model (Figure 5: right column, third row). 
The von Mises stresses (stress intensity) in the UCLP model were highest on the entire greater 
and lesser palatal shelf ridges and on the vomer edge (Figure 5: left column, bottom row), while in 
the BCLP model von Mises stresses were highest bilaterally on the anterior and posterior parts of the 
palatal shelf ridges. (Figure 5: right column, bottom row). 








Figure 5. Distributions of the three orthogonal stress components and the von Mises stresses 
under a 5 N load from palatal view in the UCLP (left column) and BCLP (right column) 
models. The top second and third rows shows the orthogonal stresses in the X-, Y-, and Z-
directions, respectively, and the bottom row shows the von Mises stresses (stress intensity). 







The success of surgical hard palate closure in UCLP and BCLP is dependent on the availability of 
tissue in relation to the cleft area that needs to be closed. In wider clefts it is imperative to mobilize the 
tissue adjacent to the cleft more extensively, which leads to a wider tissue wound and tissue reparation 
rather than regeneration [51]. This situation may interfere with the normal growth and development 
of the midface and dentition [12,52]. The growth in patients with clefts remains a challenge regardless 
of which surgical protocol is applied. Applying adjuvant therapies before surgery can alleviate the 
problems of tissue deficiency to some extent by approximation of the palatal shelves using active 
presurgical orthopedics [53] or passive plate therapy [17], which facilitate tissue closure across the cleft 
area. However, the stocks of bone and soft tissue still remain deficient since such therapies do not aid 
in the regeneration of local tissue. 
Therefore, in this study we tested a contrasting strategy based on increasing the bone and soft tissue 
prior to cleft surgical repair by means of magnetic periosteal distraction. It aims for true generation of 
the deficient osteo-mucoperiosteal tissue−thus, tackling the inherent palatal tissue deficiency which is 
a basic feature of the cleft malformation that does not disappear over time. With this intention, we 
analyzed the in silico stress distribution induced by magnetic strips placed on the cleft palatal shelves 
in newborns with UCLP and BCLP. We tested the hypothesis that magnets can generate bone inducing 
strains in UCLP and BCLP newborns. 
Analyses of load transfer, by studying the distribution of stresses and strains, are a prerequisite 
before in vivo testing since incorrect loading or overloading may lead to disorganized tissue structures, 
eventually leading to tissue necrosis. Determining these stresses and strains in vivo is not feasible in 
newborns for ethical reasons, and so 3D in silico models were deemed a valid alternative approach. 
Although our experiments were confined to tissue generation by means of stresses induced by magnetic 
periosteal distraction, there is increasing evidence that magnetic fields can further promote bone 
regeneration directly by attracting growth factors, hormones and polypeptides to the implantation 
site [54]. The length of the magnetic strips was defined as 23 mm since the average length of hard 
palate at birth is 25.6 mm ±1.6 mm [55]. Previous tests on the magnetic attraction forces across porcine 
palatal mucosa (rugae) tissue allowed the simulation of the thickness of mucosa in the newborns [44]. 
In the present study we found that applying 5 N attraction forces using magnetic strips induced 
stresses in the UCLP and BCLP models mainly at the vomer edge and the palatal shelf ridges of 
the greater and lesser segments (left and right columns, Figure 3). Areas of tissue generation were 
delineated by applying the principles of Frost’s Mechanostat theory, which states that mechanical 
loading influences the bone structure by changing the mass (amount of bone) and architecture 
(arrangement of surrounding tissues) if the induced strain exceeds 1500 µstrain. This implies that 
periosteal tissue regeneration will be induced at sites where the strain in the underlying bone exceeds 
1500 µstrain, as the periosteum is mechanically subservient to the bone [56] (Figure 4). 
The area of periosteal tissue that was subjected to at least 1500 µstrain was larger in the UCLP 
model than the BCLP model, which could be due to differences in material properties of the bone and 
anatomical variations. In the two FE models there is more low-density bone type 3 present in BCLP 
than in the UCLP model (Figure 2). Moreover, the direction of the magnetic forces is also more 
horizontally oriented in BCLP model compared to the UCLP model. The stresses and strains, able to 
induce adaptive remodeling, as exhibited in both UCLP and BCLP models, were localized to the area of 
the intrinsic tissue deficit of the cleft malformation while at the same time not affecting the neighboring 
areas, thus providing evidence that no compressive forces were transmitted to the alveolar ridges by 
the magnets. 
The abovementioned geometrical and structural differences between the bone anatomy of the 
UCLP and BCLP mean that each will require a different design of implant. The larger cleft width 
in case of BCLP would make a more powerful magnet necessary to generate equivalent forces as in 
case of UCLP. Alternatively, the use of spacers to partially bridge the distance, or the placement of an 
auxiliary implant at the vomer could be considered as an option. The present findings obtained in 






the UCLP and BCLP FE models might not be generalizable to all clefts of similar distances between 
the affected and non-affected segments, since the 3D bone morphology might vary even when the 
morphology in the cleft area is identical. However, the results of this study give guidance about the 
distribution of palatal load transfer around the cleft segments by inducing PDO within the optimal 
biological limits [56]. Future studies could test this hypothesis of mucoperiosteal distraction in an 
in vivo cleft animal model [57] in order to validate the findings of the present FE analyses. 
5. Conclusions 
The following conclusions can be drawn from this study 
 
1. The present FE models have shown that the use of magnets as approved for dental applications 
can exert attraction with the potential to induce PDO around the greater and lesser segments of 
the palatal shelf ridge in cases of UCLP and BCLP. 
2. A magnetic attraction force of 5 N was found to be sufficient to reach strain values in excess of 
1500 µstrain in the palatal bone in both UCLP and BCLP models, and thereby have the potential 
to initiate adaptive remodeling. 
3. The effects of magnetic load transfer were localized to their area of application, and did not spread 
out to distant structures. 
4. The anatomical variations both in external bone geometry and internal bone composition affect 
the load transfer across the palate. 
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9. Discussion  
The primary correction of congenital clefts of the lip and palate in unilateral clefts 
(UCLP) and bilateral clefts (BCLP) is challenging due to inherent lack of palatal 
mucosa and petite extent of the palatal shelves at birth. The two main major factors, 
which influence a good surgical outcome and its assessment, are the interpretation of 
cleft size and generation of new tissue to close the defect. 
Several different surgical and non-surgical techniques evolved to mitigate the inherent 
problem of anatomical deficits to an extent by altering the neighbouring tissues around 
the defect to form a functional seal between the oral and nasal cavity leaving but 
without option to rectify tissue deficiency itself. The vast majority of clinicians faced a 
challenge to measure the cleft size due to wide diversity in methodologies employed 
which resulted in not finding proper correlation in estimating the amount of deficient 
tissue. This produced contradictory result’s in measuring the outcomes, such as 
occlusion or midface skeletal development [98][99][100]. 
 
The  outcome measurement and assessments of the cleft width and dimensions of the 
maxillary dental arches is key to a successful treatment outcome of any primary cleft 
surgery [101][102][103]. However, the  aberrant anatomical structures on the dental 
casts pose the biggest challenge to clinicians for identification and determination of 
correct landmarks [104]. Our study overcame this challenge with the use of high 
resolution scanners which have the advantage of rotating and manipulating the 
produced 3D images and were also able to give more details to an extent that 
positioning the landmarks is possible with accuracy and precision [105]. The vast 
majority of hard palate surgeries aim for tissue to cover the palatal and true cleft [33] 
in order to produce a functional seal between the nasal and oral cavities. Despite the 
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clinical importance of the true cleft region in all palate surgeries, this region has not 
been investigated in three dimensions. Our first study focussed on developing a new 
3D standardized landmark analysis by identifying the true cleft width and observe the 
morphological changes of true cleft width passive plate therapy [58]. 
In our first study we used the vomers edge (also called “Poutriquet’s ridge) [33][106] 
and innominate sulcus [106] as new anatomically reproducible landmarks that can be 
easily used to measure the true cleft ,width, area and curvature in all dimensions [58]. 
Our measurement errors were found to be well within the ranges found in previous 
similar studies [99].The landmarks used in our first study have biological correlates or 
distinct morphologies that facilitate their identification with high precision and 
reproducibility [107], which probably explains why the errors in the interrater 
transverse measurements were less than 0.5mm, which is lower than in all previous 
studies [99][108]. Ours was the first study using vomer edge  to compare the effects 
of passive plate therapy in three dimensions. 
Presurgical orthopaedics has been widely used as a non-surgical method to 
approximate the segments to mitigate the problem of tissue deficiency [65], but it led 
to various technical variations depending on the effect. Adjuvant therapies are used  
for approximation of the palatal shelves prior to surgery by active [64] or passive plate 
therapy [58]. However, the stocks of bone and soft tissue remain deficient since such 
therapies do not aid in the regeneration of local tissue.  
Various surgical techniques have also been attempted to mitigate the problem of 
tissue deficiency. There is still no consensus about the best protocol for treating CLP 
patients. Seventeen different surgical sequences for repairing unilateral complete 
clefts were identified in a survey of over 201 European cleft centres [54]. While all of 
the surgical techniques were able to close the cleft gap using the available tissue, 
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none of them result in the generation of new mucoperiosteal tissue [33] [44][45][46][47] 
[49][50][51][52][53][57]. The use of adjuvant therapies like tissue expansion [109] and 
distraction osteogenesis [70] have been attempted to increase the volume of tissue , 
but the principles of distraction osteogenesis requires cut which would damage the 
dental follicles that are embedded in the palatal shelf ridges. However the animal 
experiments suggested that periosteal distraction osteogenesis [78][79][80] is an 
appealing option that can be performed without cutting the bone by gradual lift-up on 
the mucoperiosteum from the underlying bone by applying mechanical loading. The 
physical tissue strain and biological tissue stimulus to bone and periosteum lead to 
new tissue formation. We therefore adopted the concept of PDO as a potential 
treatment strategy to target the tissue deficiency in orofacial clefts while using 
magnetic forces to exert the necessary strain. 
In our second study we have assessed whether the dental magnets have the potential 
to act as a device to generate mucoperiosteal tissue in UCLP. The magnets have been 
widely used in the field of orthodontics for variety of tooth movement for a long period 
of time [92][110][111][112]. A clinical study on maxillary expansion with repulsive 
magnets reported  that magnetic force can produce dental and skeletal movements in 
a light force expansion concept [113]. The magnets have been used for lengthening 
the long bones [114] but there is no evidence in the literature on the use of magnets 
to generate mucoperiosteal tissue in cleft palate defects. Hence, in our study we have 
tested the set-ups to see whether the magnets can generate sufficiently high forces 
by the absence or presence of rugae tissue between magnets. The porcine rugae 
obtained from the a local butcher shop was used for mimicking the normal palatal 
mucoperiosteum and thickness of 2-4mm  was used based on the thickness levels in 
the literature [115]. This testing was done to establish the force/distance relationship 
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[116]. Since strain measuring devices or force transducers cannot be implanted in new 
born with a cleft to assess the palatal load transfer, we have used an in silico approach 
in the form of a detailed 3D FE-model. We found that the strain levels in the palatal 
segments of the cleft for these load cases do reach 1500 µstrain limit for mild overuse 
which was in accordance with the hypothesis of Harold Frost in his Mechanostat theory 
[117].  
Unilateral clefts form 76% of all CLP cases worldwide which still leaves the BCLP 
accounting for one fourth (24%) of all CLP unaddressed [11].The third study examined 
whether forces reach the threshold necessary for regeneration of the hard and soft 
tissue volumes along the cleft edges in both UCLP and BCLP. Although our third study 
was confined to tissue generation by means of stresses induced by magnetic 
periosteal distraction, there is increasing evidence that magnetic fields can further 
promote bone regeneration directly by attracting growth factors, hormones and 
polypeptides to the implantation site [77]. The length of the magnetic strips was 
defined as 23mm since the average length of hard palate at birth is 25.6 mm ± 1.6mm 
[118]. The stresses and strains induced by the magnet were calculated using finite 
element analysis, for a 1 N attraction force the maximum strains did not exceed 1500 
µstrain suggesting that adaptive remodelling will not take place for attraction forces 
lower than 1 N. At 5 N the regions subject to remodelling differed between the UCLP 
and BCLP models [119]. Stresses and strains at the periosteum of the palatal shelf 
ridges in the absence of compressive forces at the alveolar borders were greater in 
the UCLP model than the BCLP model. Thus, the findings suggest that in new-borns 
with UCLP and BCLP, periosteal distraction by means of a magnetic 5N attraction 
force can promote the generation of soft and hard tissues along the cleft edges. The 
results of this study give guidance about the distribution of palatal load transfer around 
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the cleft segments by inducing PDO within the optimal biological limits [120]. Future 
studies could test this hypothesis of mucoperiosteal distraction in an in vivo cleft 
animal model [121] in order to validate the findings of the present FE analyses. 
 
10. Conclusion and future perspective 
The conclusions from study I-III were as follows 
 
Study I 
The proposed three-dimensional (3D) analysis using vomer edge to define cleft size 
at palatal cleft and true cleft were validated with optimal intra-examiner and inter-
examiner reliability scores. The results were further validated by quantifying the 
morphological changes of palatal cleft and true cleft width, area and height after 
passive plate therapy over a long period of 8 months in the absence of previous lip 
surgery.  
Study II 
The potential for dental magnets to act as a driving force for tissue expansion in the 
palate of new-borns was achievable in the computational finite element modelling. 
The strains produced on application of magnetic attraction forces are compatible with 
adaptive bone formation in the unilateral cleft palate model. 
Study III 
The magnets used for dental applications have shown the potential to induce PDO 
around the greater and lesser segments of palatal shelf ridge in cases of UCLP and 
BCLP. The potential to initiate adaptive remodelling by magnetic attraction force of 5 
N was found to be sufficient to reach strain values in excess of 1500 µstrain in the 




The area that surrounds the entrance from the oral into nasal cavity in cleft lip and 
palate which was described by Victor Veau as "fente vraie” [33] which when translated 
refers to as “true cleft”.  The curved vomer together with the true cleft is referred to as 
“palatal cleft” and have until now received little attention despite the clinical importance 
to know the extent of tissue deficiency of the region in all cleft palate surgery 
techniques. This might be due to defining the landmarks and measuring the cleft palate 
are commonly performed in two dimensions [94][95][96][97] which represents a 
simplification of the three-dimensional (3D) complexity of the cleft palate. The vast 
majority of the measurement’s in cleft lip and palate studies are 3D in nature and are 
valid when evaluated in three dimensions [55]. The landmarks used in our study have 
biological correlates or distinct morphologies that facilitate their identification with high 
precision and reproducibility [108]. We have investigated our new landmark analysis 
on measuring the outcome of palatal cleft and true cleft areas with passive plate 
therapy. The limitations of our study were the small sample size and lack of control 
group without passive plate therapy. Moreover, most of the measurements were 
localized to the regions of the palatal cleft and true cleft without taking into 
consideration to the adjacent structures like alveolar ridges for total surface area 
evaluation. We intend to continue our research by extending our measurements to 
determine the optimal conditions for complete cleft closure in complete UCLP and 
BCLP based on the vomer edge landmark. A scientific basis was proposed in 2005 
that the surface area of the cleft space should not exceed 10% of the surrounding 
palatal surface bounded by alveolar ridges, because under these conditions the facial 
growth is less affected [55]. This holds true when the measurements are made using 
anatomically reproducible vomer edge landmark. Hence, we continue our future 
research in measuring the total surface area of the palate in the control and UCLP 
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patients who received the passive plate to appreciate the effect of the growth, 
remodelling and relocation of the palatal segments and vomer. 
Study II examined the potential for dental magnets to act as a driving force for tissue 
expansion in the palate of new-borns was achievable in the computational finite 
element modelling. It was found that the quantified stresses and strains in the palate 
of newborns with UCLP by simulating the periosteal loading through magnetic forces 
are compatible with adaptive bone formation. The limitations of our study are strain 
measuring devices or force transducers cannot be implanted to measure the palatal 
load transfer as this was computational study. The other limitation was the force levels 
for the facial musculature, tongue thrust and sucking forces could not be considered 
due to the in vitro model. We intend to continue these investigations in an in vivo 
animal model to validate the findings of the presented FE analysis. 
Study III found that the load transfer of magnetic forces used for periosteal distraction 
around the greater and lesser segments of the palatal shelf ridge in UCLP and BCLP 
could promote generation of soft and hard tissues along the cleft edges to rectify the 
tissue deficiency. The results also gave the guidance for palatal load transfer around 
the cleft segments within the optimal biological limits [120].The limitations of this study 
are that the obtained findings [121] are from an in silico model. These can only be 
validated further in an in vivo transgenic mouse models where knockout in gene 
expression for Msx1 [122] [123] or Tgfb3 [124][125] in results in 100% cleft palate. The 
obtained results from the animal experiments will be extrapolated for clinical usage. 
The choice of materials and strategies are all variables in preclinical studies for future 
preclinical work.  On a whole estimating the cleft size and decreasing the tissue deficit 
by implantation of the magnets with the potential to induce PDO around the greater 
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and lesser segments might have great potential to achieve functional and aesthetic 
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